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(Potential) Links to Formation Processes of Planets

The Mass-Semimajor Axis Diagram
: >3300 confirmed (>4600 candidates)
: rare (~ 1%) Hot Jupiters, more warm Jupiters
 & the most dominant super-Earths

e.g., Winn & Fabrycky 2015

The Planet-Metallicity Relation
: massive planets are observed higher frequencies 
around higher metal stars
: no such correlation for super-Earths

The Mass-Radius Diagram for 
Close-in Planets
: smaller (<1.5-1.6 R_earth) sized planets tend to be purely rocky
: larger planets tend to be cores + envelopes

=> The Most Fundamental Figure

=> Core Accretion Scenario is Preferred

=> ???
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The Mass-Radius Diagram is Useful 
to Identify the Formation, 

Migration, & Evolution Histories of
Close-in Super-Earths



Key Idea: Type I Migration Traps (Planet Traps)

Masset 2002

Planetary Migration = 
Angular Momentum Transfer

between Planets and Gas Disks

The Net of Transferred 
Angular Momentum Regulates 

the Direction of Migration

e.g., Masset et al 2006, Hasegawa & Pudritz 2011b

Cavity (the disk inner edge)

Masset et al 2006
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Planet Traps =
Disk Structures

where the Net Torque
becomes Zero

(i.e. Dead Zones,
Ice Lines, etc..)



Multiple Traps in Single Disks
: the outer edge of dead zones, ice lines, heat transitions

Locations of Traps are 
Specified by Disk Evolution

Planets Form Locally 
at Traps (r > 1 AU)

Before Type II Migration

Mass Dependence of Traps 
: planet traps are effective until protoplanets obtain 
 the gap-opening mass & undergo type II migration

Fundamental Properties 
of Planet Traps

Time e.g., Hasegawa & Pudritz 2011b
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Step 1: Evolutionary Tracks of Trapped Planets

Step 2: Statistical Analysis for Computed Tracks

Disk Evolution

Planetary Migration
(Orbital Evolution)

Planet Traps for Low Mass Planets

Type II for Massive Planets (w/ a Gap) 

Core Accretion 
(Mass Growth)

Pollack et al 1996

e.g., Hartmann et al 1998

Calculate Planet Formation
Frequencies (PFFs)

⇥wmass(⌘acc)wlifetime(⌘dep)

PFFs ⌘
X

⌘acc

X

⌘dep

N(⌘acc, ⌘dep)

Nint

Weight functions related to disk observations

Partition the Diagram
Hot Jupiters Exo-Jupiters

Low-mass Planets

Hasegawa & Pudritz 2012

Hasegawa & Pudritz 2013



Planet Traps and the Origin of the Observed Mass-Period Relation 11

Figure 4. Evolutionary tracks of planets that grow in all three
planet traps. The tracks for the dead zone are denoted by the
red thick lines, the ice line by the green, and the heat transition
by the light-blue. Corresponding thin lines represent the trapping
regimes. Di↵erent tracks correspond to planetary growth that ini-
tiates at di↵erent times (see Table 5). The transport mechanism
of cores by planet traps plays the crucial role in producing the
mass-period relation; low mass cores that need longer time to grow
are more likely to be transported toward smaller orbital radii while
massive cores that can readily drop out of the moving traps tend
to distribute further away from the star. Thus, there are distinct
populations that arise from the di↵erence in the properties of the
planet traps and the resultant planetary growth, which results in
the trend that planetary mass increases with period. Earlier pa-
pers Ida & Lin (2004, 2008b) predicted a planet desert demarcated
by the black rectangle. We emphasizes that our model predicts the
presence of planets there.

planet traps constitutes a theoretical mass-period rela-
tion, wherein the final distribution of the mass of the
planets is an increasing function of their periods. This is
consistent with the observed mass-period relation, as the
observational data scatter around the locus of end points
of our tracks (see Fig. 5).
This is one of the most important findings in this pa-

per. As discussed in § 7.2, this arises from the fact that
there are considerable di↵erences in the properties of the
planet traps that regulate planet formation and migra-
tion. As a result, di↵erent planet traps have di↵erent
preferred loci at which evolutionary tracks end up in the
mass-semi-major axis diagram. Thus, planet traps act as
a filter for distributing cores - massive cores readily drop
out from moving traps and tend to orbit further away
from the central star while low-mass cores are trapped
for a long time and tend to orbit close to the host star
- and play the central role in generating the theoretical
mass-period relation.
In addition, the prediction that distinct sub-

populations can arise depending on the trapping mecha-
nism has several observational consequences. For exam-
ple, our model provides a physical explanation for the
observed pile up of gas giants at ⇠ 1 AU. This again
relies on the argument that planet formation e�ciency
highly depends on the surface density of dust at planet
traps. At the dead zone and ice lines, the dust density
is expected to be high due to the low disk turbulence,
and hence planet formation rates are high there. On the
other hand, the formation rate would be low at the heat

Figure 5. Comparisons with the observations. The observational
data are adopted from Mayor et al. (2011) (as Fig. 1). Our the-
oretical mass-period relation is consistent with the observations.
Also, the presence of many observed low mass planets (. 50M�)
at r . 0.5 AU provides further support on our model.

transition trap due to low dust density. This results in
a general trend that more planets are readily formed at
the dead zone and ice line traps that end up at r ⇠ 1 AU
(see Fig. 5).
Furthermore, our model predicts the population of low

mass planets (. 50M�) with r . 0.5 AU. This arises
from planet formation that takes place in the moving
ice line trap (see Fig. 5). Even in the later stage of
disk evolution, the highest dust density there enables the
formation of low-mass planets that end up in the desert.
On the contrary, the most advanced population synthesis
models predict a planet desert there (Ida & Lin 2004,
2008b, also see the footnote 3 in § 1). The presence of
the many observed exoplanets in the region agrees well
with our findings.
Finally, our models predict the existence of planet

deserts that are quite di↵erent in the mass-period space
than those claimed by Ida & Lin (2004, 2008b). Fig.
6 shows our deserts, denoted by hatched regions. They
are produced due to trapping and subsequent transport
of cores. This leads to the evacuation of the cores from
these regions in which they have initially grown up. As
a result, these regions are regarded as void of planets.
More specifically, we define our deserts by estimating
the mass ranges of planets that can be captured at the
planet traps and following their movement: Mp < Mgap

and ⌧mig,I < ⌧vis (see § 5). This kind of planet desert is
active only for gas disks. There are a number of possi-
bilities to fill out our deserts; that successive formation
of rocky planets after gas disks disperse may ultimately
fill out the regime; that, even in the epoch of gas disks,
planetary cores formed far beyond our deserts may even-
tually distribute there due to planetary migration; and
that planet-planet scatterings induced by convergence of
multiple planet traps may deliver the scattered cores into
our deserts. Nonetheless, our predictions are valuable in
a sense that such regions are the primary target of the
current and ongoing observational surveys (Mayor et al.
2011; Howard et al. 2012).

Dead Zone Traps:
Ice Line Traps:
Heat Transition Traps:

r ⇠ 1AU
0.03AU < r < 3AU

r ⇠ 0.3AU

End-Points of Tracks 
Line-up with the RV Data

Result 1: Quick Look
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Result 2: Quantitative Analysis

Hot Jupiters Exo-Jupiters Super-Earths Total

PFF ~ 7.6 % ~ 25.3 % ~ 10.2 % 43.1%

1M�

A Considerable Fraction of Observed Super-Earths may be 
Formed as Failed Cores of Gas Giants (Mini-Gas Giants)

Hasegawa 2016

MCA
min ' 4� 5M�

The Minimum Mass of
Planets Formed by Core 
Accretion at Planet Traps:
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Switching of Migration Modes at 

Planet Traps
: Transport Forming Planetary Cores 
 from Large Orbital Radii to >1 AU

Type II Migration
: Transport the Cores from r > 1 AU to r < 1 AU
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Switching of Migration Modes at 

Planet Traps
: Transport Forming Planetary Cores 
 from Large Orbital Radii to >1 AU

Type II Migration
: Transport the Cores from r > 1 AU to r < 1 AU

                    = 
the Mean Value of
the Gap-Opening Mass 
for Close-in Super-Earths  

< MGap >



The Effect of Atmospheric Escapes 
Hasegawa 2016

Lopez & Fortney 2013

The Photoevaporative Mass Loss
Increases                          toMCA

min of ⇠ 5M�

MCA+PE
min of ⇠ 7M�

The Mass-Radius Diagram 
Divides into a Number of 
Regions, and can Specify 
the Histories of Close-in 
Super-Earths

by Striping the Gas Envelopes 



Exoplanet “Phase” Diagram
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Implications for Gravitational Microlensing

Gravitational Microlensing Covers 
A Different Parameter Space!!



Summary
• The currently observed exoplanetary populations are quite useful 

for deriving some constraints on theory of planet formation

• A population synthesis model is developed, focusing on Type I 
migration traps (dead zone, ice line, heat transition) 

• Planet traps may be important to reproduce the trend of 
observed massive exoplanets, and for some fractions of observed 
close-in super-Earths 

• Switching of migration modes determines the minimum mass of 
super-Earths formed by our model, which is M_p > 4-5 M_Earth, 
& the mass-radius diagram can serve as an exoplanet “phase” 
diagram

• (Future) gravitational microlensing observations can fill out a 
different parameter space, and would be useful for drawing a 
better picture of planet formation

Hasegawa 2016, ApJ, 832, 83 


